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ABbT HACT
An advanced coreless boron fiber has exhibited tensile strengths which are
more than twice that of the normal CVD B/Vh fibers. The coreless fiber is
made by the chemical removal of the tungsten boride core exposed by splitting
the as-grown fiber. The easily splittable fiber is made by the chemical %apor
deposition of boron on a larger than usual tungsten substrate. It is expected
that the case of splitting is related to residual stresses in these fibers. Measure-
ments of the axial residual stresses in both the normal and the splittable fibers
are presented and the results compared. Differences in these stresses are
discussed in connection %%ith the ease of splitting in the splittable fibers.
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a4	 INTRODUCTION
w
An advanced boron fiber has been developed for NASA under a contract
with the Aveo Specialty Alritcrials Division. This nr , W fiber is in many ways
very different from the usu al boron on tungsten (B/W) fibers presently manu-
facture(I. 'Typically, boron fibers arc produced by the chemic:d vapor depo
sition (CVD) of boron on a 12, 7 pm (0.5 rail) diameter tungsten-wire substrate
from a mixture of gases of boron trichloride and hydrogen. These fibers; are
usually produced with n fimil dinmeter of 102, 142, or 203 P m (4. 0, 5. 6,
or S.0 mils) and hnvc a core :approximately 16. .1 pm (t). 64 mils) in diameter
consisting of at least two tungsten borides. Their tensile strengths average
from 3450 to 4140 NINim2 (500 to 600 ksi), it is known th at the strength of
CVD boron fibers is limited to these values by cracks which predominnntly
start either in the tungsten boride core or in the boron near the core_
The advanced boron fiber differs from the usual CVD fiber in that it has
no tungsten boride core. This elminates the core- initiated cracks, resulting
in a fiber of considerably increased strength. The method developed to pro-
duce this coreless fiber involves the chemical removal of the core of a CVD
B/W fiber specially prepared to spi at easily and expose the core. The easily
splittable fiber is produced by depositing the boron on a larger 25.4 µm
(I .0 mil) diameter tungsten substr ate using deposition conditions optimized
2to produce maximum splittability. The fiber splits into three approximately
equal pieces. Plot nitric acid is used to remove the tungsten boride core.
Figurf 1 is a reproduction of a scanning electron microscope (SFM) micro-
graph showing a typical split ant' etched fiber.
As the fibers split they curve slightly in the shape
 of a stretched-out
helix. A way to describe this is that the final fiber has the same shape as
one would get by wrapping a small wire around a 2.5 mm (100 mil) diameter
rocs with each wrap advancing about 25 mm (1.0 in.) along the rod. Figure 2
illustrates this.
Tests made at Aveo on these split and etched fibers have shown them to be
much stronger than the usual boron fibers. These results are shown in Table 1.
The average tensile strength of eight pulls was 7. 90 GN/ m 2
 (1145 ksi) with one
pull in excess of 14 GN/m - (2000 ksi). The average strength is about twice
that of boron fibers containing a core.
A key factor which makes this method possible is the ease of splitting of
as-grown fibers. The ease of splitting is determined by the residual stresses
which are known to'exist in CVD boron fibers (ref. 1). It is likely that the
tensile- circumferential stress in the splittable fiber is larger or extends
nearer to the surface than it does in the usual boron fiber Although we cannot
measure directly this compop
 : of the residual stress, we can measure the
nxinl component. A method w,il be described for measuring the axial t esidu;1l
stresses in normal and spitttable boron fibers, and " a resulting stress dis-
tributions for the two type- of fibers will be compared.
FXFERINIENTAI.
A dilatometcr was designed so that as the surface of the fiber under test
was removed by elect ropolishing, continuous measurements could be made of
length changes of the boron-fiber specimen. From these axial strains, the
axial residual stress distribution could be calculated. Figure 3 is a schematic
representation of tine dilatometer. The specimen is mounted between an inner
and nn outer quartz tube. The inner tube is free to slide vertically in teflon
bushings within the outer tube. The boron fiber to be tested is cemented with
conducting epoxy between the bottom of the outer tube and a sleeve connected
to the inner tube. Normally, the fiber test section is about. 1 cm (0. 4 in.) long.
The center plate of a three-plate capacitor is attached to the top of the inner
tube. "1'he outer two plates are insulated from each other and attached to the top
of the outer tube. 'Thus any change in length of the specimen produces an ectual
change in the position of the center plate with respect to the outer plates.
The relative position of the center plate is detected by applying a 100 V, pcnk-
3to-peak :1000 Hz voltage to the outer plates. The resulting signal from the
center plate is applied to a high-impedance ( 10 mSt) input of n lock- in amplifier.
A strip chart recorder provides a continuous recording versus time of tiler output
of the lock-in amplifier. Calibration showed that the position of the recorder pen
was linearly related to the position of the center plate of the chlatometer.
During the measurement, the surface of the boron is removed by electro-
polishing at room temperature by placing the lower portion of the dilatometer
in :i low-conductivity solution made by dissolving 0. 5 g of sodium hydroxide
in :30 cm  of water and adding 150 cm .13 of glycerin.
In prelimin:iry tests, it was established that the rate of mass removed
from the fiber was constant for a given Current independent of fiber di:imeter.
Because the mass - removal rate is constant, the fiber diameter could be calcu-
lated within an accuracy of three percent for any time during the run by knowing
the final diameter and the time since the start of clectropolishing. This allowed
the chlatometer to remain Undisturbed during an actual run since it was not
necessary io make physical diameter measurements of the fiber.
The axial strain, ^ z , for a time, t, during electropolishing is calculated
from the measurements of fiber length changes. The radius, r, for the same
time, t, is calculated from (lie final diameter and total time at the end of
electropolishing. For the purposes of calculating the residual stresses, the
Young's modulus, F, and the Poisson's ratio, v, are assumed to be independent
of radius. However the values for F and v for the core material will be
different from those of the boron. Il is also assumed that the axial strains ob-
served during electropolishing are produced only by axial stresses. This means
that we have neglected the effe_-U, of nonaxinl stresses o r and cr. oil
axial strain, c z . It is not possible to estimate the error introduced by ne-
glecting these terms as we do not know cr i, and ao for boron fibers. However,
er r , cro , and oz can be calculated from a model (ref. 1) which treats both the
boron and core materials as elastic Removing the surface; of the fiber in
this model produces axial sirains in the fiber which are produced by cri,,
cr0 , and crl . If we make the assumption that the axial strains are produced
only by axial stresses, we find that the axial stress is overestimated by about
1:3 percent. In our calculation of the residual stresses, no account was taken
of this error.
From the data of axial strain, E z versus the electropolished radius, r,
it is possible to reconstruct the residual stress distribution in the original fiber
of initial radius ro . The A ress cr(ro , r) at radius, r, of the original fiber of
radius, r0 , can be related to the axial strain, c z , produced by electropolishing
the fiber to a radius, r, by
4r' do
v(ro , r)	
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where
F 	 Young's modulus of the core
Eb
	Young's modulus of the boron
rc	radius of the core
ro	initial i:ultus of the fiber
r	 distance from center of fiber for which the residual stress is
dete relined
e Z (r)	 measured axial strain when the fiber is electropolished to a
radius r with F Z (ro) = 0
From the experimental results, we are able to compare the residual
stress distributions of the unsplit splittable fiber with that of the 102 µm
(4.0 mil) diameter normal boron fiber. Because the residual distributions for
102, 142, and 203 pm (4. 0, 5. a, and 8.0 mil) diameter B/W fibers are very
similar, we are essentially comparing the splittable fiber with all sizes of
the normal fiber.
Measurements of the axial strains versus electropolished fiber diaimeter
were made using six samples of each type of fiber, that is, the 119 µm
(4. 7 mil) diameter splittable fiber and the 102 pm (4.0) diameter normal
fiber. The measurements were continued until either the core was reached
or the fiber broke. For all the norniA IU2 pm (4 )) ind) fibers except one,
the fibers broke before the core was reached. For the splittable fibers, only
one of the six samples tasted broke before reaching Ill,- core. The larger core
of the splittable fiber (32.6 µm (1.3 mild) core diameter for the splittable fiber
compared with 16.3 pm (0.64 mils) core diameter for the normal fiber) prob-
ably helps in preventing the splittable fibers from breaking during electropolishing.
Using the axial strain versus radius data and the values of 669 GN; m2
(97x106
 psi) for the modulus of the core and:19:1 GN/m 2 (57x10 ( ' psi) for the
boron (ref. 2), the residual stress versus radius was calculated using Eq (1)
The six calculated residual stress distributions for each type of fiber were
averaged to produce a single curve for each of the two types of fibers. 'the.
variation of any point on an individual curve of a given set from the correspond-
ing point on the average curve was less than ±15 percent. The axial residu,il
stresses at a distance r from the center of the original fiber for the nornial
and the splittable boron fibers are shown in figure 4. Here we have used '.he
usual convention that positive stresses are tensile and negative stresses are
(1)
5are compressive. To allow easy comparison between the two curves, the
residual stresses are plotted versus the reduced radius, r/r o , where r  i^
the radius of the original fiber. Because electropolishing of the fiber was
stopped at the core's surface, details of how the residual stress varies in
the core could not be determined; although it is possible to deterrinne the core's
average stress. These are shown as dashed linen in figure 4.
DISCUSSION OF RESULT'S
Comparing the residual stress distributions for the two types of fibers,
we see some general similarities; both types of fihers :how compresNi e
stresses at the surface and at the core, and both have a region of tensile stress
in the boron near the core. however, in detail, some significant differences
can he noted: (1) the difference in slope of the stress versus reduced radius
in the region between r/r o equal to 0. 35 and 0. 6, (21 the large difference
between the maximum tensile stresses about 910 MN/m 2 (132 ksi) for the
normal fiber and 590 MN/m2 (86 ksi) for the splittable fiber, and (3) for
reduced radii larger than 0. 6, the residual stress for the splittable fiber is
algebraically about 200 AIN/m 2 (28 ksi) more positive than that for (lie normal
fiber. The difference between the core stresses -1340 MN/m 2 (-194 ksi) for
the normal fiber and -1220 MN/m (-177 ksi) for the splittable fibers is not
considered to be significant since it is not I-arg;er than the variation of core
stresses seen among the individual values for the splittable fibers.
We now consider how these differences in the residual stresses between
the two types of fibers might account for the inereasod ease of splitting; of the
splittable fiber. Radial cracks observed in diamond cleaved boron fibers
(ref. 3) radiate from the core into the boron. We would expect that such
cracks wOUld propagate outward in the region where the circumferential
stress is positive and stop near the radius where this stress makes its transi-
tion from a tensile to compressive stress. From figure 4, it can be seen that
for the normal 102 pm (4.0 mil) B/W, the axial stress changes from tensile
to compressive at r/ ro equal to 0. 75. This tran ,4tion is nearly constant for
the other sizes of normal B/W. Aleasurements made on 102, 142, 203, and
366 pm (4. 0, 5. 6, 8. 0, and 14.4 mil) B/W fibers show that the transition of
the axial residual stress from a tensile to a compressive stress occurs be-
tween an r/ro of 0. 70 to 0. 76 (ref. 4). For the splittable fiber, this transi-
tion occurs at a larger value of r/r o (0.8:3) than it does for the normal fibers.
If this is also true for the circumferential stress, that is, that the transition
from tensile to compressive stress of the circumferential stress occurs at
a larger value of r/ro in the splittable fiber thin it does in the normal fiber,
V_
uthan it would be expected that the radial crack would extend closer to the surface
in the aplittable fiber. The additional stresses caused by the application of ex-
ternal forces to they fiber during the splitting operation could make it possible to
extend the radial crack to the surface in the aplittable fiber.
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TABLE I. - TENSILE STRENGTH OF
CURELESS FIBER
Test no. GN/m 2 Tensile strength,
kst
1 6.870 996
2 3. 92 5 569
:3 3.711 538
4 10.350 1500
5 10.830 1570
6 14.065 2039
7 8.678 1255
8 4.753 689
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Figure 2. - Illustration of split hher depictiny its curling into a helix,
The fiber forms a helix with an amplitude of °2.5 mm (100 mils) and
a period of -25 mm 11.0 inches).
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Figure 3. - Dilatomeler used to measure Ien(jth changes of d boron fiber specimen as the
fiber's surface was removed by electropolishing.
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figure 4.	 Plot of the axial residual stress versus reduced radius rlro for the splittable and normal
fibers.
